Serum ferritin concentration correlates with tissue iron stores in humans, horses, calves, dogs, and pigs but not in rats. Because serum iron and total iron-binding capacity can be affected by disorders unrelated to iron adequacy (such as hypoproteinemia, chronic infection, hemolytic anemia, hypothyroidism, and renal disease), serum ferritin is probably the most reliable indicator of total body iron stores in larger species. To test the hypothesis that serum ferritin might be correlated with tissue iron levels in cats, we developed a quantitative enzyme-linked immunosorbent assay that uses two monoclonal antibodies in a sandwich arrangement to measure feline serum ferritin. The recovery of purified femtin added to feline sera ranged from 94% to 104°/o; the withinassay coefficient of variability was 8.4%, and the assay-to-assay variability was 13.2%. Mean serum ferritin from 40 apparently healthy cats was 76 ng/ml (SD = 24 ng/ml). Serum femtin concentration was significantly correlated (P < 0.00 1, n = 10 1, Y = 0.365) with the nonheme iron in the liver and spleen (expressed as milligrams of iron per kilogram of body weight), as determined by Pearson product-moment correlation analysis. Because serum iron can decrease in diseases other than iron deficiency, the combination of serum iron and serum ferritin should provide sufficient evidence to differentiate anemia of chronic inflammation from anemia of iron deficiency in the cat.
Al-
though it is an environmentally abundant element, iron deficiency commonly causes anemia. Iron deficiency can occur in any mammal fed an all-milk diet during rapid growth. For example, kittens have a transient hypochromic microcytic anemia caused by iron deficiency between 4 and 8 weeks of age.I7 Iron is stored in the liver, spleen, and bone marrow as ferritin or hemosiderin. Ferritin is a multimeric molecule shaped like a hollow globular shell and is soluble in aqueous solutions. Iron is stored within this shell as a ferric hydroxide-phosphoprotein complex. Hemosiderin seems to be derived from ferritin and is relatively insoluble. The iron in tissue ferritin and hemosiderin is readily available when needed for synthesis of hemoglobin or other iron-containing comp o u n d~.~ Small amounts of ferritin are normally present in serum. The level of serum ferritin correlates with tissue iron stores in h~m a n s ,~ horses," calves,2 dogs,15 and pigslo but not in rats.I4 Serum ferritin is low during iron deficiency and high during iron o~e r l o a d .~
In contrast, serum iron and total iron-binding capacity can be affected by disorders unrelated to iron adequacy, such as hypoproteinemia, chronic infection, hemolytic anemia, hypothyroidism, and renal d i~e a s e .~ Thus, serum ferritin is probably the most reliable indicator of total body iron stores in larger species. Ferritin is immunologically species specific,' necessitating the development of assays for ferritin on an individual species basis. To date, the only method to determine tissue iron levels in the cat was by liver biopsy, a procedure not commonly used. T o test the hypothesis that serum ferritin might be correlated with tissue iron levels in cats, we developed an assay to measure feline serum ferritin and compared serum ferritin levels with levels of liver and spleen nonheme iron.
Materials and Methods

Anti-ferritin antibodies
Ferritin was isolated from feline liver by previously described method^.^.^^ Polyclonal antibodies against feline ferritin were produced by injecting rabbits three times at 2 1day intervals, once with 1 mg of ferritin in an equal volume of Freund's complete adjuvant and then twice with 1 mg of ferritin in an equal volume of Freund's incomplete adjuvant. Anti-ferritin serum was collected 3 days after the last injection.
Monoclonal antibodies were produced by immunizing Balb/c mice intrapentoneally three times at 2 1 -day intervals, first with 100 pg of feline ferritin in an equal volume of Freund's complete adjuvant, then with 100 pg of ferritin in Freund's incomplete adjuvant, and finally with 100 pg of ferritin in phosphate-buffered saline. Immune mouse spleen cells were harvested and fused with P3 x 63 Ag8U. 1 murine myeloma cells (American Type Culture Collection, Rockville, MD) by treatment with 50% polyethylene glycol 3 days after the final immunization.I6 After fusion, medium from each well was tested for anti-feline ferritin antibodies by enzyme-linked immunosorbent assay (ELISA). This ELISA was similar to that for serum ferritin with the following exceptions: 1) rabbit polyclonal antibody purified by protein-A affinity chromatography (Protein A-MAPS, Bio-Rad Laboratories, Richmond, CA) was used as the first (capture) antibody, 2) purified feline ferritin was substituted for sera, 3) medium from individual wells to be tested was added as the second antibody, and 4) anti-mouse immunoglobulin conjugated with horseradish peroxidase was used as an indicator. Hybridomas producing anti-feline ferritin immunoglobulin were grown in nonselective medium, cloned by limiting dilution, and expanded.16 The cloned hybridomas were injected intraperitoneally into pristane-primed Balb/c mice to produce antibody-containing as cite^.^ Immunoglobulin was isolated from ascitic fluid by protein-A affinity chromatography. Antibodies were subisotyped with affinity-purified antisera (Calbiochem, La Jolla, CA). Purified mouse immunoglobulin was conjugated to horseradish peroxidase type VI using a procedure previously described,6 except that treatment with sodium borohydride and column chromatography were omitted. Immunoglobulin concentration and ferritin standards were determined by bicinchoninic acid assay (Pierce Chemical Co., Rockford, IL) with bovine serum albumin as a standard. Conjugated immunoglobulin was stored at -70 C. The capture antibody was diluted in 10 mM sodium carbonate buffer, pH 9.6.
ELISA solutions
Sodium carbonate buffer (10 mM, pH 9.6) was used to coat the test plates with the capture antibody. Sodium carbonate buffer containing 0.5% bovine albumin was used as a blocking buffer to fill unoccupied protein-binding sites on the 96-well plates. Wash buffer consisted of phosphate-buffered (0.02 M) saline (0.15 M) containing 0.1% polyoxyethylene sorbitan monoleate (Tween 80). Wash buffer was also used to dilute horseradish peroxidase-conjugated antiferritin monoclonal antibody. Ferritin dilution buffer consisted of wash buffer containing 80 mM 2-mercaptoethanol. Ferritin standards of 50, 100, 150, and 200 ng/ml were prepared from purified feline ferritin stock. Substrate solution was prepared immediately prior to use by adding 100 pl of 3% hydrogen peroxide and 125 pl of 40 mM 2,2'-azinobis(3ethylbenzthiazoline-6-sulfonic acid) diammonium salt to 24.75 ml of 0.046 M citrate buffer, pH 4.0.
ELISA procedure
Polyvinyl chloride flat-bottom 96-well microtitration plates (Becton Dickinson Labware, Oxnard, CA) were rinsed twice with methanol and dried. To each well was added 0.1 ml of monoclonal anti-ferritin capture antibody (12 &ml) in sodium carbonate buffer. After incubation for 2 hours at 37 C, the plates were stored at 4 C or -20 C until used. Immediately prior to use, plates were thawed, washed twice with blocking buffer, and then incubated for 30 minutes with wells filled with blocking buffer. Plates were then washed five times by filling wells with wash buffer and incubated for 3 minutes at room temperature before aspirating and refilling with wash buffer. All wash steps throughout the procedure were conducted in this manner. Experimental sera, high and low control sera, and feline ferritin standards were diluted in ferritin dilution buffer in glass test tubes and incubated for 2 hours at 37 C; then 100 pl was placed in individual wells in the test plate. Each sample was assayed in quadruplicate. Plates were incubated for 2 hours at 37 C with mixing (Dynatech, Alexandria, VA) and then washed five times. Conjugated monoclonal anti-ferritin antibody (100 pl at 1.68 pg/ml) in wash buffer was added to each well. Plates were incubated again for 2 hours at 37 C with mixing and then washed five times. Substrate solution (1 00 pl) was added to each well, and absorbance change was recorded in an automated reader for 96-well plates (Molecular Devices, Palo Alto, CA).
Assay evaluation
Linearity for standards and diluted sera was determined by least-squares regression analysk8 In analytical and statistical evaluations, the mean of four wells was used as the ferritin concentration for that particular sample. Recovery from sera was estimated by comparing ferritin concentration in feline sera containing added ferritin to measurements on the same sera without added femtin. Within-assay variability was estimated by determining ferritin concentration in one serum sample (100 ng/ml) eight times. Assay-to-assay variability was estimated by determining ferritin concentration in four samples on 8-10 separate days.
Nonheme iron
Blood, liver, and spleen were collected from 106 random source cats that were euthanatized. Blood was drawn into serum collection tubes, and serum was obtained and stored frozen at -20 C in plastic tubes. Cats were weighed, and the livers and spleen tissues obtained from each cat were weighed and stored frozen. Nonheme iron in the liver and spleen was measured in triplicate as previously described,I2 except iron was determined coulometrically.'O Iron content in liver and spleen was calculated from supernatant iron concentration, assuming the water content to be 75%. Nonheme iron content expressed on a body weight basis was calculated for each cat by dividing total liver and spleen nonheme iron content by total body weight. A Pearson product-moment correlation was calculated for the relationship between the nonheme iron in the liver and spleen and the serum ferritin concentration.8
Normal values
To establish normal values, sera were collected from a second group of 40 apparently healthy cats. Because serum ferritin may be an acute-phase inflammatory reactant in cats, serum ceruloplasmin' values were used to eliminate from the study serum samples from cats that might be unhealthy. 
Results
Six IgG monoclonal antibodies against feline ferritin were found. All antibodies were tested for their ability to capture purified feline ferritin and as indicator antibodies conjugated with horseradish peroxidase. One IgGz (7C5 3C7) was chosen as the best capture antibody, and an IgG, antibody (1 2E2 4F6) was selected as the indicator antibody for the serum assay.
Ferritin standards were linear from 0 to 80 ng/ml (Fig. 1) . The relationship between serum dilution and serum ferritin concentration was linear (Fig. 2 ). When 10, 20, and 30 ng/ml of purified ferritin standard were added to three different feline sera, the recoveries averaged 104%, 1 OO%, and 94%, respectively. Withinassay variability was 8.6%. Day-to-day variabilities averaged 13.2% for four sera.
A significant ( P < 0.001, n = 101, r = 0.365) correlation was found in the random source cats between serum ferritin concentration and nonheme iron in the liver and spleen (Fig. 3 ). Serum ferritin concentrations in the second group of 40 healthy cats ranged from 25 to 134 ng/ml (arithmetic 3 = 76 ng/ml; SD = 24 ng/ ml). When reference values were calculated from the mean f 2 SD, the minimum value was 28 ng/ml and wells.
the maximum value was 124 ng/ml.
Discussion
Serum ferritin is relatively stable when samples are stored at ordinary freezer temperatures. Pooled feline sera have been frozen for over 1 year without any change in the ferritin concentration (unpublished observations).
A significant (P < 0.001, n = 101, Y = 0.365) correlation was found in the random source cats between serum ferritin concentration and nonheme iron in the liver and spleen (Fig. 3) . Results are expressed as milligrams of iron per kilogram of body weight because most of the body's mobilizable iron is in liver and spleen. Total liver and spleen iron expressed as milligrams of iron per kilogram of body weight is therefore an approximation of mobilizable iron on a body weight basis. Results from five cats in the random source group were eliminated from analysis because their serum ceruloplasmin was > 29.2 mg/dl. Serum ceruloplasmin values in the random source group of cats ranged from 4.8 to 43.5 mg/dl (arithmetic K = 14.3 mg/dl; SD = 7.5 mg/dl). In contrast, serum ceruloplasmin values in the second group of 40 cats ranged from 1.5 to 8.6 mg/ dl (arithmetic j z = 5.2 mg/dl; SD = 1.6 mg/dl). Normal serum ceruloplasmin values in the cat are not published. However, the range of values observed in the random source cats was greater then normally expected in healthy cats (unpublished observations). It is possible that some cats remaining in the random source study group were experiencing an acute phase response. Because ferritin may also be an acute phase protein, some of the cats in the random source group may have had elevated serum ferritin associated with an acute phase response. Serum ferritin levels in the random source group of cats ranged from 3.0 to 633.0 ng/ml. When cats of < 1 kg body weight were eliminated from analysis, the correlation coefficient increased to 0.422 ( n = 90). Data were not disregarded because of aberrant serum ferritin values.
The correlation coefficient between serum ferritin and body iron stores found in this study is comparable to that reported in dogs, using the same experimental protoc01.~~ A higher correlation value between serum ferritin concentration and nonheme iron in the liver and spleen has been reported in horses11 and pigslo and is likely a reflection of more uniform populations of animals and animals kept under controlled experimental conditions of nutrition and iron supplementation. A higher correlation has also been reported in humans, l 3 but estimation of body iron stores was determined by indirect methodology. A large heterogenous group of cats was examined to determine if serum iron, total iron binding capacity, or serum ferritin might be used to estimate iron stores. The only analyte significantly correlated with iron stores was serum ferri-tin. Serum iron and total iron binding capacity were not significantly correlated with nonheme iron in the liver and spleen. None of the random source cats were known to have excessive or deficient iron stores. The relationships between serum ferritin, serum iron, total iron binding capacity, and iron stores in cats with known iron deficiency or iron excess have not been examined.
